
AD-A245 117
III~i~IIiiIiIIi~ifhII _________________________AGARD-R306 0

AGARD
ADVISORY GROUP FOR AEROSPACE RESEARCH & DEVELOPMENT

4 7 RUE ANCELLE 92200 NEUILLY SUR SEINE FRANCE

,... C--
,J t4 2. 2 ,"_

AGARD ADVISORY REPORT 3063

Technical Evaluation Report
on the
Fluid Dynamics Panel Specialists' Meeting
on
Effects of Adverse Weather
on Aerodynamics
(Les Effets des Conditions M&6orologiques
Adverses sur 1AWrodynamique)

This Advisorv Report was produced at the request of the
Fluid Dynamics Panel of AGARD.

_ - NORTh ATLANTIC TREATY ORGANIZATION

Published November 1991

Disfituthn and Avaiabihy on Back Cover



Sfl[ A KE NOTIC

THIS DOCUMENT IS BEST

QUALITY AVAILABLE. THE COPY

FURNISHED TO DTIC CONTAINED

A SIGNIFICANT NUMBER OF

PAGES WHICH DO NOT

REPRODUCE LEGIBLY.



AGARD-AR-306

ADVISORY GROUP FOR AEROSPACE RESEARCH & DEVELOPMENT
7 RUE ANCELLE 92200 NEUILLY SUR SEINE FRANCE

AGARD ADVISORY RIEPORT 306

Technical Evaluation Report -

on the
Fluid Dynamics Panel Specialists' Meeting
on

Effects of Adverse Weather
on Aerodynamics -,

(L.c Effets des Conditions NMeleorolovioiue,,

Adverscs sur rAerodynarminiuc) -

J.J. Reinrnann
National ,\cronautico and Space .\drmintration
L eip Research (Center, ( lcland. Ohio 44135. United States

t-litCd bh

ProfessoIrn ,.A. Slooff
National .Aerospace lahorator.. NI .R
Anthon, t-okkcr\%cL 2. Io( ) (A I Am,,crdam. I he Nethcrland 0

I his Ads or\ Report %msa plrodlCed 1t the requcst of the _____

Fluid )\ namnics Panel o4 ,.\( lA.RD

/ _A North Atlantic Treaty Organization
- J Organisation du Traite de lAtlantique Nord

92 0"!2



The Mission of AGARD

\xx11 'IxIlx x1'III ( [Till xI Iii il11"ix, l V I\ \RI I, I,, bi- o'i IxhetlIi h l ead i xIII~ lx, pet xItiix I I I I h N.\P I U , t I x ix I II li t, lixIi

;I 'xIIxI i111 xxlxxxlI x ICkIlIIIx TOi act, xpa1cC xc I x ilIxix% Ing pUipxxcx

Rx eiiixixiil lll \,i\ ImSlx txiile memberlci IidLxIixx11 TO LIxC Thesir ICx.xIixII iiil lxxcl C:1l~li.iI11 x xxtill

mxii xII beule xII o ihe N,\11 0 I cuchiunhl%

Plo Iille 'xxlilii itixi Icuiiici xxix xc xld .lxx I"i lex Ilicliii\ ( 'mmc xiiiiii' 11The tivixid 11 ixxx-xpxcx ilxxxix ai

I Irlili fil e 10i 1iiiixii q xii iiixk -11 a ,Ig I, ir xIIIIIx, xxII~ c fvic .iiii lxx fll~ ~~ii xod xiil iixixciiicpxxxr

k W ilixi IJ flixxxxli iix i tidI iIixixC ixii' il kiic~ t 1 footh ri Nx. Xil Is (xx\i )I, 1 " if' xS MIII'l. 11.114' 'lk -

11 111 11Tl1 Il I M 1: I~Ciil heix x Tcx ixlixIiicui ixiixV I i W iD 11 lI rxxxL U xlx 'I o 11 1, 1 1CPfCIIIf it lfl- - I JlII M

It1LIH v ,xiiTiiixx iiixi liiix i \RD \ I et te ":1 -\llilx 11,rri0xi ilt] xilcl, liix ixllx.ix i t ii , xxIhW 'Ii (hex~x A(T x \ R Ix r '

cxiil Tillx xIime

III Vx 1i 1 iiI lixlx x , " iix 1" lxxitl xik Indx II lxx rliiiili\ Iliiiiixxi T" culii/xni xl ill" *'x \ ill

I he m fitl i Illi Iu uiiiixi Ixii hxc lii ' xxii j"olxi Ii d
lI e . I rxi l i .xix - xLIII Illx i 1x% \ ( \J 1 xxi filex xILIxIx

Pxiilill.x \xixxclilllII

I xjlx ighi t Al A.R[ )IIt)

Alli Righlx, Rxci-xxixil

Ixxl\ x92~ ~l~ii

Pi lexfl hI S ix it) ii~xd I'riI, Sen xx i t,\ I tinIix

jix I'I, i Iuj~xx :lx Ci



Foreword

III r"i I N"11'. i i .' iiii11,tis it kicatihil-Til(1:11 .ICKIiCII(I. Ii h file InItIICiiiiri O lit , I IIV of JIM t iii cinn l ui d ii il
cutuiiciuiltl [Hi certiticaioni and ilic~i un priiccluics. ha~tc imiiulted fce%%d rcxiirch actmiic% Ai.\Icii

111 l Ii ' III TiI ti d tII I lUtwi I)\l' II u It cx Paict I t rutuul I axpcciitxu It ui' cctimt! Iit the "If:ccix o ii crxe N\ca tic r iIn
'Nell 'i1 IIntuiMTII. L,I L tic II[C Cqt Ix tu uI el .t1c If ICcIIuI 1L h;Itic been coI tccci I ItI AG\R) D( onuiicruicc Prtceed Ing"t (IP410,v

I tic II 'u ilcilic('iuitc itcuciic ciu tl Mr Jihul Rcinmaunnot NASA I cx xRsacu nc cc ict i

Puiitcxxi Iiij WX stxitt

Ciii:mm. 1'rtuuirmuinic ( )itnirllitcc:

Avant-Propos

I i Its t 'IN, diiN.11,1C iIIII tic oiii cc iiiiic Iit iurix cc, deiluc m iCNiI iic'. i la timic Sunii ceritain tuiutrc Nt iitcdntx Itic' iuus
cotitinii iiicoltttitu'Iuiicx. kit xc tont piiiii"iiitiix'i cqt dic ilp'itui1 icl llU\CtI\ i\1 ,cx tic t(JIduIC' ettitiinc iei

tttdtiii"'ciitiittc cii, 1,, tiiicciitlx i iuiitiiL'oiu ci tic Nt t. P'urutciCIuT ,t cc, ACuIINICx. (II 11uitixttcitix dain 0ii'

tIiitt II i ccNI~ tI~i- u1 uIc n el Hitsic kicxt ixitiuts c rechcrchec lei ,:r xixce, diiimiioiiuni

Iii rt t~ lct IC N ituil Itil. IdL itl AG(AR ) sic it INinuiquc de, Httikle, a cic (It olixi "Urtil rctuIiitI dd xpicItit IxiIcx xiir

I,IIcx dt Ii mutuiutr I,, up mr 1c iter iiarnitic"

ccuc tcuu~utruct cccc iJohni Rctituurarn piour itt ir Heni xiiiutu accepter ciaxxxiter Icx ii,tl it, Li csixcicut
ustttiiqui 1tic, iiuitti'i i ptcuieir pirdckl' e~n it' dn citpert rctnnht diifl IC dtIMI t ic ll Li' riuz dxicuicx

CrAiI pit Icolilixttiutctit t 'CxI c,'t titus. C cuialuics ci xc, coitnientairrcx xii ia reuioiin

'riit cxcut r Ii \k Siiiiti



Programme Committee

fo - r If J1VW S It'III( h Irn , I iI;IIIP'I-te r NJ\I IT'j,
Natio'nal \cri pacc I ibhiraton. NJ R D iparwineni, dI Ir,.:Lcncri Acnniai-t c Iptil,
-\nthomII\ 1kkrnic 2 P icnc - : Ilinno

Ihlc Ncihcr land. JoI2~Iwrino

huIk
Pt t - rI ,,r,

) n 'c ACI(Ollar... JU: lppl'ttc"lrotc... [)T I f I .1 l In tm

lf Ic )c'.ll I iTd~.t ,l Ithrirl-
I MTI iCltc IM I Chw-

[IS liclil

NhIti ii hriiii ~ ~- m , ,c liot \i cI 11N "Ij. u

\'1; -Ncrprc RccIIIl l , )\ III, ''i 1 I I j (I

NI 'rilr R~,-I Ih, I mrrcirtv M I o d....
) im i. I hii r ,- K Rt N 'klr s i i Ilr'i l, 14 11ttllrr, 4,

NI~~~1 tillir IlI41

I'I !'r, I a i fil %IT I- %I. '11Q

Mad~Irid

)r B~ IIWwcl S-111

NhIt-11Iiit.Nclti~ 
I'lotc-,r -N 1) ) I'i"

%IT 1) 1 ilivcr\
Fh-lil I )~nzniic. I aliratotI
\VI 1 -ININI

I ni1c11 N iid



Contents

ProrammeI. ( Oniit ive

I nirodiiction

Suimair.% of and ( urn rnvn'ts oln 11we Papers

Discussion alud Li alUalimn 9

( iiiicluIijohI and Recomme~nndations 12

[ igurce. 
14

Appeudix 
I5



[FFFEt 'S OF AI)VERSF WLATttER ON AERODYNAMI'S
by

I J. [einnann
National Aeronautics and Space Admnuistration

Lewis Research Center

(levplani.' Ohio 4413,
United States

S .'MMARY the meeting, and paper 12 was later re, eired b) the

technical evaluator. Written versions of papers to and 1,I
The Fluid Dynamite Pane! 'f AGARD sponsored a were not available at the meeting, but drafts of the papers

Specialists Meeting on *Effects of Adverse Weather on were later received by the technical evaluator Tlte 19
Aerodvtanaics" ot April 29 to May 1. 1991. in Touloue, papers were published in AGARD Conference Proceedings
France The purpose of the meeting was to provide an CP-496. The titles of the 19 contributions are listed in
update of the state-of-the art with respect to the Appendix A. The members of the Program Cottmittee for
prediction, simulation and measurement of the effects of the ieeting are given in Appendix 3.
i, ilg, anti-iiing fluids and various forms of precipitation on
the aerodynamic characteristics of flight vehicles. Sessions The meeting's potential scope was far reaching.
were devoted to introductory and survey papers and icing encompassing at least the following areas: all aircraft
certification issues, to analytical and experimental classes: effects of adverse weather on comtnponent
sittultlion of ice frost contamination and its effects on performance and on aircraft perfsrntance and stability: a
aerodynanics, and to the effects of heavy rain and wide range of rain, icing, and winter weather conditi ms
deicing anti-icing fluids. The 19 papers announced for the that produce an infinite continuum of types ant amounts
meeting are published in AGARD Conference Proceedings of surface roughness; both wind tunnel and flight testing
ti'-496 and are listed in the Appendix of this report. A research; and state-of-the art computer code development.

brief synopsis of each paper and some discussion, Considering this broad scope, it is to the Meeting
conclusions aid recommendations are given in this Committee's credit that their selection of papers gave a
evaluation report balanced overview of the state-of-the-art with respect to

prediction, simulation, and measurement of the effects of
icing, anti-icing fluids, and precipitation (snow, frost, and

!N TRODUCTION heavy rain) on the aerodynamic characteristics of flight
vehicles.

The 68th Meeting of the AGARD Fluid Dynamics
Panel Specialists Meeting was held on April 29 to May 1, Three papers were devoted to various aspects of i,!ng
191l. it Toulouse, France. Its theme, as published in the certification. One paper reviewed the FAR/JAR 25
AGARD announcement, was the following: regulations and the proposed French supplement Joint

Advisory Material AMJ 25-1419. This AMJ defines
III recent years, a number of weather-related accidents. standardize flight test procedures for demonstrating that
aloig with the introduction of new types of anti-icing an airplane's performance and Landling qualities are
fluids and apparent uncertainties in certification and acceptable when lifting surfaces are contaminated. with ice
operation procedures. have stimulated renewed that accumulates in flight. Two other papers gave
research activities. Aircraft operators, the aircraft examples of computer calculations for droplet trajectories,
industry. as well as research institutes and and one of these reviewed the airframe and engine testing
certification authorities, are participating in such done in support of certification. Two papers reviewed
activities. previous AGARD meetings that contained extensive

material relevant to the present meeting's objectives.
The purpose of the Specialists' Meeting is to provide Another paper gave an overview of the analytical and
an update of the state-of-the-art with respect to the experimental simulation methods currently employed in
prediction, simulation and measurement of the effects icing research and technology. One paper reviewed the
of icing, anti-icing fluids and various forms of major codes used in an ice accretion prediction program
precipitation on the aerodynamic characteristics of and gave comparisons between predicted and measured ice
flight vehicles and to communicate research results on shapes.
these topics that have been obtained in recert years.

Three papers presented experimental data for the

The 2-I ;2 day meeting was divided into three sessions: effects of surface roughness on boundary layer development
or on lift and drag versus angle of attack. One of these

Session I. Icing I - Introductory and Survey papers measured the boundary layer growth for flow over a
Papers, Certification Iss s flat plate covered with simulated frost. The frost was

Session I. Icing 2-Prediction and Simulation of Ice replicated by a little-known technique in which the actual
Contamination and its Effects frost was covered with a dissolved liquid plastic. The frost

Session Ill. Effects of Heavy Rain and De/Anti-Icing data were used to modify a boundary layer analysis and to
Fluids predict the effects of surface roughness on wing

aeroperforrnance and on takeoff performance. Another
The meeting agenda listed 19 papers, and ai except paper in this group included propeller power effects in a

two (numbers 2 and 12) were presented at the meeting. wind tunnel study of the effects of sand grain roughness on
Fortunately, the written version of paper 2 was available at airfoil performance. The third paper presented wind tunnel



,IWta fr a suh-i ale inod1 aircraft ith simrulated lroar- is rarriics, it has rece ied only Iinited attenton Toia '

frost ot the wings and ised the data in a groundbased analytical approa,.hes depend heavily on empirival
nirirflng rtntMlator to tnterr gate the degradation in correlations because of the current lai k of appropriate
perfiritat e and handling qualities during take-off This is turbuleice models and or dirt tete roitghness models. atni
,'rle , -tIf , a ten plblsh-d studies in which a simulator because it is difficuit .o act urair. I alculate Nat ier--t,,kes
Sas 1s-4111 ttriiestigate the effei ts of -wing ,ottt atntattiti flows or boundary layer flows beyond ,tall F urthertre
,o flight hara, tertstircs there exists no systematic body of experitental data for

flows over single and itulti-elertent airfoils with
T- papers prlited the effri ts of surface roughness appropriate roughness simulation and it-erage and

ti -igh lift airfoils (tite of these papets provided Reyttolds nuiriber range. Thus. those ini the field Jtf surfac e
- orelatitns for three essetita flight cfioac-teristi s: roughness aerodi'taiics itust either work with highl,
pe, til tiss iii titiaxtiut lift, percent increase in stall emipiric al analytical itodels or p;oneer tir aerodiniti,
peed. ari redti tion iii stall angle of attack The data flow rtodels And because of pra tiral constraints. het
, %tred several orders of magnitude of roughness height-to- must hiut fundamental wind tunnel and flight test studies
Ihold ratito And data was presented for both retrat tcd to onh a few airfoil configurations and to only a stall
atd extended leading edge devices. The other paper subset 'if the known surface roughnesses that nature ,at
thow-e re ret wind ttnnel d~ta nit the sensitivity of produce Sontie of these limited, but very important
tirfoils to sand roughness and presented pertent loss in studies. were presented in this meeting.
taxitnilu lift versus wing chord Reynolds number for three

Silitness height-to . hord ratios, This important new data
If ec-sis number effects has long been sought Iby those tl \fMNfA IY (F .XND t'OMM -NI;' OtN Tihi 'APFR-

I .--srretd with surfa, e roughness and by the aircraft ting
!ittt :t & ,hi' b is considering dering systems as a f:r uniurariing these papers, the author of this
.ttlie alternative It; thermal anti-icing systettis present technical evaluation. rather than t trig It

parphiase alzeady good prose, frrel. ex, erpted segienttt,
), paper presented dry-air wind tunnel from the papers a- ithont using the usual attrtuttory

: s-tt r{'ItIrt'ns art Iorresponding three-dimensional Navier t'ttotatton marks. This was done to minilize I titter in tht,
-rke- dcu t at ulations for the flow field around senti- text. -ccasionally quotation marks were used [it lt fits,

-pa-i straight arid swept wings with artifi, ial leading edge analysit, these sutntraries reflect the evaluator
uces fualApes f!his research effort shows the valuable interpretations and prejudices, atid in no way shoulc the
vintavigt of o urrerIt-y conducting both ornputer ote attributed to the authors of the original papers

I-%e loptent and supportinr code validation experirents.
I ilg I -iltritdu lir, antd Surve- Papers. fertificati, I!

"I* 0t-sAper - rtvoted to ground deicing anti-icing Itsues
tr- paper prr-sestod flight antd wind tuiel ti's

r<its cIi tfie ffe -s f t hes fluds ot takeoff perforin c, Pape : RANA [ 1)h gate a repocrt on thfr Ac ;A I)
':itted alt able liussos in ltlaxituxutti lift for jet Flight Methani s Patrol Sl .tposiun entitled "Flight in
to-)spurts a'd ev)ltd et , rIera for aerodynati' acceptance Adverse El ivirinneittal Conditiots." held in (;ol. Nortsvt

-,st of su, h fluids for jet transports A second paper, in \lay 'sPIt. The 26 papers from this symposimr wer(
ollaboratioit with the first paper, presented a simplified published it. A(;AftD-CP-4710. NIr. RANAI DIE

orird t rel test to deterinte if a fluid passed the rntr ated on selected papers froin oat 
1
r f the h,

-tr-dt oatii a-ceptance I riveria The acceptance test sessions (1) Atmospheric Measuretnents and N.frtelin
,- tvu d rmeasurirg the boundary layer thickness at tite I ) fe, I of Disturbances on Design and Operatons,

tilisw ,dge of a flat plate covered with the fluid (.t Vistfilit: (4) Icing; and (5) Electrotnagneric
Disturbances The tno major types of sesere at iottuis ,

1- t, tapers adrhessed helic opter rotor it ihg ltth disturbait esv were high-altitude turbulent e (Idue to
r-senred comparisons if computer code predictions against thunderstorm fronts or mountain ranges, both of which

flight at -It wiod tunnel data for rotor performait on ivere acompanied by temperature inversions) and lost-lo't
o tog t) te also presented restlts of a model rotor test it iir robursts. Fixed simulator approaches in microburst
itt Ig sw itd tunnel altI Assessed tie merits of sub-st ale wind shear conditions demonstrated the imnportait ard
r r ing tests dianitic advantages of pilot training. The rt. oottuettdft-

crew procedures 'luring low-level windshear are (I I act itl
Three papers were devoted to heavy rain effects The conl can. (2) pull up, attitude 1.5. and (3; forget all

first presented both sut-scale arid full-sc ale aero- previous experience. The flight -ontrols for the Airbus
perfornian Ie test results for two-dimensional triulti-elernent A320 were descrined as having (I) stall warning onb
srtftls, and it also iorluded measured heavy rainfall rates aircraft that can fly near maximum lift, t2) auto triggerm
t selectd sites around the world The second paper also of full thrust at high alpha or n-hen pilot pulls pitch

pr-srnodI wiud tunnel tests results on a another sub-seale control, and (3) future plans for windshear warning and
:w dittensional high lift airfoil model. The third paper automatic reaction system. In the session on
presented results for the tneasurement of liquid water filtns electromagnetic interferences, it was noted that lightitng
trio eg 'undut anc e sensors tici urred at the unexpected (onditions of -40 t(- ant ent

temperature, where the relative turbulence and
Although the measurement and prediction of boundary precipitation intensities were characterized as negligile tu

!ayer development or ;ough surfaces has an extensive light. Most aircraft lightning strikes were triggered by the
bibliography I Refs. I to 4), there has been only limited vehicle itself, i.e., short-circuiting between clouds of
prsgrs 5 toward developing actuirate analytical predictions opposite polarity RANAIfDIF also reviewed the
(Refs , and 6). And although the aerodynamics of rough comprehensive report presented on NASA's icing
airfoils is at the cutting edge of computational fluid technology orogram



Paper 2.- BRlMBY was unable to attend the published in AGARD-CPP-480. The turboengine
meeting, but copies of his paper were available at the symposium, which tuaressed the effects of ice or engine
tneeting. rhis paper appropriately set the stage for all that performance, nicely complemented the present meeting,
followed on the effects of wing ice contamination on flight which addressed the effects of ice on external aircraft
characteristics. lie reviewed the effect of wing ice performance. Professor JACQUES noted tinder
,oitattiation on three essential flight characteristics: Operational Concerns that ice buildup on or within engine
percent increase in stall speed, percent decrease in inlets can lead to loss of total pressure or flow distortion.

iaiciluin lift , oefficient, anid reduction in stall angle. which in turn can lead to compressor surge and stall. Ice
tloth , haracteristics were plotted aga'nst k, c (ratio of ingestion can damage fan blades or i ause engine flame outs
roughtiess height to wing chord). The parameters included He showed several solutions to ice buildup on inlet screen
roughness over the entire upper surface with slats retracted and in inlet ducts, with the usual solution being the use of
and with slats fully extended, and roughness on just the bypass flow systems and inertial particle separators. In one
leading edge with slats retracted ani .. ith slats fully surprising case, in spite of apparently successful tests of the
esteuded The plot for percent loss in maximum lift ice protection system in the engine test cell and in natural
- oefficient is included as Fig I of this report. His data is icing tests, an unacceptable level of foreign object damage
taken front wind tunnel and flight test results, caused by ice ingestion was observed in icing flight

operations. Several modifications to the ice protection
For takeoff with frost, snow, ice. or slush adhering to system did not provide sufficient ice FOD resistance, and

the wings, the appropriate curve in Fig. I would he for the only solution was to develop ice FOD-resistant
roughness over the entire upper surface. For example. compressor blades.
moderate frost would have a roughness of about 0.3 mm
0012 in ), and on a l0-ft chord wing would give a I ( of The symposium , outained excellent discussions of

ahoot I 0001, which woulil lead to about a 15 percent loss engine test facilities and calibration concerns and
in maximum lift To get down to about a 2 or 3 percent procedures. The symposium also presented good exaniples
loss in naximum lift requires, according to Fig. I, less than of computer codes used both in icing facility calibratons
) 15 oti (0 006 inr.) on a 10-ft chord wing. and it the design of ice protection systems Co-'puter

codes for both water droplet trajectory and ice accretion
Another important point made by BRIMBY was that prediction were discussed.

a reduttioti in stall angle accompanies the loss in maximum
lift, and this can lead to .,o aj"re effects. First, if wing One paper described how low temperature operations
re causes a stall before the stall warning's prescheduled ,:an cause fuel to form solid wax precipitates that can cause
angle of attack is reached, the flight crew will receive no plugging of filters or blockage cf fuel transfer lines.
warning of impending stall. Second, the reduced stall angle Another paper she oed that water dissolved in the fuel can

ionipounds the problem of the tendency of an ice- form ice crysta nd block the filters, ',el controllers. and
contan'inated, swept-wing airplane to pitch up during passages in heat exchangers. A computer code was
rotation, increasing the risk of overshooting the stall angle identified that pred cts fuel temperatures in fuel tanks
shortly after liftoff.

Paper 4. - CATTANEO gave a talk on current
Thtus, its easy to see why I$RUMIiY concluded that FAAiJAR 25 regul'tions for certification of civil aircraft

"From an serodynamic viewpoint, there is no such thing as for flight into known icing conditions. He presented the
'a little ice.' Strict attention should be focused on French Certification Authority's proposed regulatory
ensuring that critical aircraft surfaces are free of ice changes to FAAJAR 25 as embodied in Advisory Material
rcotarmination at the initiation of takeoff." Joint AMJ 25-1419. This AMJ is partially based on ANA

525 '2-x -od 525-5-x of the Canadian DOT. Mr.
It might seem that Mr. Brumby's conclusions applied CATTANEO noted that atmospheric conditions are well

only to swept-wing, jet transports that tend to pitch up if defined in Appendix C of FAR. JAR 25 and that methods

tIi. wing stalls at takeoff. But in his paper he says that for testing and analyzing the performance of ice protection
'..j, e contaicination is quite democra,ic, adversely systems (IPS) are well defined. But there is no
affecting straight-wing aircraft such as the Nord 262 and correspondingly well defined set of flight tests for
tntierous general aviation aircraft: small turbojet aircraft determining the effects of ice accumulations on aircraft
with conventional airfoils such as the Learjet; larger performance and handling qualities. Terms for safety are
aircraft with conventional irfoils such as the F-28, DC-9- vague There is confusion about interpretation of tests and
10. and DC-8, and aircral ith leading edge high-Lift about the required amount and proportion of testing in
devi en suc h as the 737." natural icing and in clear air with artificial ice shapes

The other comes on Fig. 1. designated as roughness on He noted that even thin ice (4 urn thickness) can
the leading edge only, are sometimes used to estimate the reduce lIft by 20 percent and stall angle by 3'

, 
can

thickness of ice allowed to accumulate during in-flight signifi aptly increase drag, can affect static and dynamic
icing Some important new data presented in paper 12 pitch and roll stability, can produce a large loss in elevator
indicate that these curves underestimate the aerodynamic efficiency, and can cause an inversion of hinge moments
penalties caused by ice that forms on the leading edge with mechanical flight cortrols. Special attention should
during flight in supercooled clouds be paid to pushover to reach zero g because there is a loss

of t" to 2" of tail stall angle caused by icing
Paper JACQUES gave a report on the AGARD

76th Symposium of the Propulsion and Energetics Panel on Cattaneo proposed that icing flight trials be carried
"Low Temperature Environment Operations of out mostly with artificial ice shapes in clear air testing and
Turboengines (Design and Users Problems)," held in be backed up with testing in natural icing conditions to
fBrtissels. fBelgitum, October 1990. The 33 papers were catch the complete aircraft icing problem. The artificial



i e shapes should be iomputed with ice accretion computer warung indicators should be reset to values appropriate t,
odes that have been experimentally validated The stze of the Iower stall angle observed in the icing flight trials It

itr depended on whether the ,art was protected or this regard this evaluator recently learned that the
unprotected. and on various -ngi's. and ice protection -1 sR-41. ATR-72. and the Dash 8 -A0i) automatically shift
sstet failures stall warning to lower angles of attack when the anti- ing

is turned on (Ar., am-icing systents on the aircraft ar'
The paper gave the following discussion on site and trnrsied on before the deicing systers .Also. at least in

r-ughness of the artificial ice Canada, if an aircraft with conventional pneumatic d-irer

hoots had been in icing just prior to approach the stall
Takeoff To be performed with an engine failure Ice epeed must be increased during approach to adjust for a

is accutnulated on the entire set of surfaces for a specified loss in maxitnttm Lift caused by the maxmuttm grow t!, of v
angle of atta, k and for a specified duration [about 12 5 mm thickness for -onventional pneumatic

hoots) on the deicers just prior tc ac tuation It is aist'

Crise, hold. and lauding- On unproteected parts of t orniion practice, when an airplane has been in ic ing
tte aircra

t
t tie fortration has a msaxinmuimt i.pth of 3 in ondtittiun just prior to approa(h, to litnlt the leg re- j!

iltfi surface roughness f 1 m and a density of grains ,f flap during approach and landing to prevent tail stall
t, !it grains , [it

2 
On protected parts, the tirse required in

v ti ting the y tem for deicing and asiti-i ing, both The A.\I 25- 149 regulaiit-, d ribes, al-- a!,

-,ii-cdable and procedural, 4re onsidered. both for ite intended for twin etigiti ar, raft with rce', hacit al flight

a, ''it, .-tiveei ' Isig , ,t es and for any rnha, k -cintols, such as Ite 1-okker 27 Ite I rein h ar
si r.'tcePzi h, stnd the Jet er heaters qileritg a similar inpletsentati-n for air, raft c ith a

larger flight range P g . the uicro ,r 2 ltatieeait -k- i
[ ', failure in flight, For failures iequiring the aireraft and A AiO

leav- the area of icing t onditions, the chi( kniss of ice ot

th, prote ted farts is set at I e tt i itrg 2 l'redi, ticti atn Sim latti, i I , - trttriat i--ri
and its Eff, t, o-n k\erodvnamics

p c'ial -ass' )f sandpaper. A spe( ific form cf ice that
oi t sinall t-il, ktiles, arid the abrasiveness J sandpaper Paper - PO' APtZIlh ani R1INNMANN preseWt
Illt s, r I t' quaho Jolthec b i"tf si a-t tcluig a itt--,, us the -irent methods for sirmlatilng the revpctc'

p-h ritr Maneti-err Ir is known f)y experien' e that thi c i an aircraft or aircraft stibsvsterri to an ic-tg n en,-iltort
t p f retti' itas hays a la-ge effect on this cianeit er Ihis work covered the entire field of icing similation an-

to)tCil ed l SI references. Topi -s ,-'c-sed inc idcd I ornft) t4T

Fh ple als ieo d ribed the folltwing tests t, he ' ode modeling of droplet traj- tores, of air, raft icing, arnd

peorf,rrtpA dtrini fight of aircraft performance degradation in icing Also iv ,ovor-
ucre experitenrtal icing simulation wind tuinnel , enigine

,stets perforatance f)eterttins'io;u of time to atst cells, in-flight spray tanker, aid ground spr, tIct

:-v ice aftor t rciatitrit of IPS fa, it'. Spe, ial test technoiquc', s-t h a icing staling Ia-y
arid sulcale heliropter models in , tig itirctiels u-c-

Flight qualities- Characteristics of ice re, val Roll discussed It is generally agreed that icing sictilat.,
-icd vu stability. Transverse dynamtic stability (Dutch wherr applicable, is more desirable than testing in natural
-1,! Trim , apacit. Vibrations and buffeting. Absence icirg bt. ause it presents lower risks. ,onto less-. , tnsutc

-f blocking of rudders and aileron (jartning). Roll less ittie, is more reproducible, and it may more readils hv
behavior in pushovers to the limit of the flight envelope included in simulators for certification and pilot tratntg
ni g VFE But flight testing in natural icing will always remain a part

of the certification process and will be needed to validaic
Flight in natural icing conditions Purpose of these the analytical and experimental simulation methods The

tests is to (I) validate the artificial ice frms for concluding remarks identified several areas requiring
subsoquer use, and (2) assure that the degradations of further research in icing simulation. Fhese are
performance and flight handling quality observed with the
artificial types of icing were conservative 1. Ice accretion physics; specifically- roughness

c haracterization, heat transfer correlations, splashing,
Stall wan 4 'stick shaker settings shotuld be set for runback, surface tension effects, and wetting

greatest possible range of icing conditions, for ice coating characteristics,
thicknesses of up to 3 cm on the protected parts and t cm

to the unprotected parts. (Stall warning is further 2 Ice structural properties and ice shedding
dis ussed below)

I Stall mechanisms a-d post-tat behavor of iced
The rest of the paper gives results for the application wings. Computational simulation of these phenomena

of the AMJ to the certification of the ATR 72, and as an
experimental project, to a Fokker 27 that was designated 3 Inclusion of surface roughness effects in
the Aircraft f e Atmospheric Research and Remote Sensing aerodynamics rdes

IARAT)
4. Evaluation of turbulent flow properties for iced

Catraneo's experience has been that flight performance wings and development of appropriate turbulence models
losses were more severe with artificial ice shapes than with
natural ice shapes. As noted above, AMJ 25-1419 proposed 5 Three-dimensional ire accretion code development
that when the ice protection system is turned on, the stall

i



otuputt'r ,ode clatuciion of ced I fig and it ed trc rt [he boundary layer code -oupled w cih an invLid

arc raft performat, e Development of pert ,rilant e codes cortex panel code was used to (alculate lilt and profile dra,,
f, rtor. raft in ' InK hci two airfoils, up to nd beyond stall A liftic; ii o

analysis was used with tce -Airfoil results to detertione wvng
? ontnued developtment of cotiputational filethutis aercdynallu as well as takeoll 1 rforutante of two

or ilnulci;, - protection tystens hypothetical aircraft with various amiounts of frost
,overage on their wing upper surface.

M Coni ult ed leeloprnset of experimtental nethods
f,'t simulating rotor( raft performance in In Lg Hoar frost having a height of only 0.4 rmn degraded

winc performance and necessitatsr increased takeoff
c4 t ' vtl l etfi t ion of c, mtcg c airg laws ditiatll es fcr both a stmal light _. -aft and a large

ttci-splrt aiciraft Serious perforttisce loss was predi te-l

t fe t, PRI-. presetted an analysis if three- however, only when the upstream ed, of the hoar frost
iiit ioial r, plet trAjet irces, about an Sir(raft hlie t oerage was at. or very close to the tc, tion peak in the

fl.,, over the Ac, taft was , e1, ulated with a three- pressure distribution. The dramatic lift isses occurred

'Iitiensional panel t ode cailed F<P3D that was developed h) wfcen frost was present in the regio f stinng adverse
\ierospatiale The droplet trajectory calculation - dure pressure gradients, just downstre.n of the suction peak, or

-As basei oti a method dec eloped by 1), Guffor d at in the region where the roughness height was several times
NF . eCode results showed how droplet trajectoty greater than the boundary layer inottentui, th:ckness In

predictions could be used to help locate cloud these regtons, roughress cause he boundary lyer to grow
cctrumet tation on the aircraft so as to insute that rapidly and in the presence of adverse pressure gradients.
icemured cloud properties were representative o' made it prone to separation. When the upstremi edge of

ireestreati cloud contitiocs Thus instruments must inot the hoar frost coverage was beyond the Fuy, on neak. at th1e
tfe plat ed in cloud shadow zones. nor should they be placed quarter-chord or further downstream, the comp cced lift
in region, where droplets are concentrated or dispersed by and drag performance was approximately the same as for
.cceraction wvith the flowfield around the airplane. Not the clean wing

jcc''ntefd were any comtparisons between the computer-
pre -f td results and experimental droplet trajectory data Paper 9. - LENLMING. BOND. atid BIIIT'lTWN

ptesented results from icing wind tunnel tests cif a lcghtl)
lpcer - - POTAI'CZUK. BRAGG,, K WON, and instrumented two-bladed teetering tail rotor Iroi,, arc

IiNKAR presented the results of a conmputational and OIT-58 helicopter and a heavily instrumented subsi ale
cx fcllut ci lt al study of the settconal Anid total aerodynani articulated inait rotor for another helicopter Ite ui,h,
luad t hatacteristit s of tmioderate aspect ratio, swept and were exposed to variations in temperature. liquid satvi
:c rwepit - rig with acid without simulated glaze leading content, aid droplet diameter and were operated -,r

cfge -cc The orrtputatiot were otne with a three- ranges of o ivance ratio, shaft angle. ti - %lah cnmlber -1nc
dctencsiotcal. I toitpressible Navcer-Stokes soler. Atd the weight coefficient to determine the efett of these
-ettu-span wing miodels were tested in a dry-air wind parameters oil ice acrretion and on rotor perfortiancc i
urcnrel The goal of this work was to acquire experimental iing. Ice profile tracings and ice molds were obtained

a for code development. calibratioa, and validation. The pape, presented the sensitivity of the model ro, - t,
,lmure I and c otnputed values for chordwise pressure tice test parameters and compared the resul.s to analyLv al

dcitributi ms attd spatwise load distributions agreed well predictions Test data quality was excellent and changes it
fr the ced and uniced swept wings at both 4* and 81 lift and torque were remarkably repeatable, Analytical
angle of attack. At 8* angle of attack. computations predictions for ice accretion and rotor performance agreed
showed that the flow over the iced wing was massively with the trends observed in the test. The techniques
ceparated For tire unswept wing at 8

° 
angle of attack ernplo"ed were validated by the excellent results obtained.

I hut not for the swep, wing). it was necessar- to include The data should prove useful for code and scaling reseetyc
tunnel wall boundary conditions at the wing root in order and development within the helicopter industry.
it get agreement between code prediction and experiment
These results suggested that wall suction should be Paper 10. - GENT reviewed the icing research being
incorporated into the tunnel to remove the boundary layer conducted at the Royal Aerospace Establishment cn the
at the wing root The ability to calculate surface I K. A (opy of GENT's paper was not available for the
streamlines and !ime averaged streamlines in massively meeting, but the technical evaluator later received from
separated flows offers a rich source of flow phenomena for GFNT a copy of the text he prepared for his talk. RAP,
t ornparisot with experiments. Future plans for both the icing work was established to provide an understanding of
oimputational and experimental efforts were discussed. the helicopter rotor icing problem, to provide engineers

with tools needed to predict the effects of icing on roto

Paper 8. - KIND and LAWRYSYN conducted a study performance, and to develop the necessary rotor ire
of t;ie effects of frost on airfoil aerodynamics. They protection systems. The RAE have developed and
acquired samples of real frost on plates left outside combined a series of two-dimensional computer codes for
overnight and replicated the frost by a little-known predicting ice accretion on rotor blades: these include a
technique that involves pc uring dissolved liquid plastic potential flow code, a water droplet trajectory code, and a
over the frost, The plates with the plastic replicas of frost thermal heat balance code. The name of the ice accretion
were used as the floor of a wind tunnel, and che boundary code is TRAJICE. They have also developed one-
layer profiles were measured on these roughened plates. dimensions and two-dimensional codes for analysing the
These profiles were inserted into the law of the wall to performante of electrothermal ice protection systems for
determine the (delta u/u*) shift. This velocity profile was rotors ]:is includes analyzing the heat flow and
used in a rough-wall integral boundary layer code to temrperat.re distribution inside the blades, the melting and
predict boundary layer growth over a wing covered wit'. f-eesing ccf ice on the rotors, and an elementary model for



rsh' -Idirig I ev have vottibitied the above codes awith A silayer 'id the nose thus aggravaittig the rife, tf
rotor perfiirttiati e ode that predicts torque attd lift ritghties eletnetits atti ic rraoLog the probability of
I Ii . - aused byv ii Ing Calcutlated resailts frti the iceF sepacai 1,

A,' ret ion elei Liot hernal heater atid rotor perforitianF

it, 1, 'al, )es ha've been compared with and calibrated Lip e t12 - LY"t H. %i A L A ItE Z an- Aw I If I-
os~ Av ailalic experimien tal dat a from a ity tunnel atnd -portel on enxperimtintaf ituie s of the arroio narro,

flith(i- c ilbi: -i-' have het dtntri'oiteil widiv to the paFil'Il s ra hd)i -,v tin lauding s ig.i,., 1-it"ill
,,- r-.'iti'latriv--nathe i x. and npei. I!Test iaoeu ha.e a , rutilmed by distributed riiiglineso over tha' t itti -1t
r .. iti irtipatel w ith preilictions frot comrparable Iodes 'b, lea-lung rugs a here ice would -i cuiifute in, flightY

le lied f, Nil Aand ONER A I he gs--oetrtes tiiliel it, hiifa' vingle ,-etiew
--v-nfigurations lairfo)il and thre-if it.ia.isici Ia,1[ a- Aw.-

I(-~o KEA h Ns and N(;IY).N reported ')i a iirili.-neleiiit high-lift '-ontigitrattn iii I I.It A
nit ITne I iv stngalti in to the effects of diet ri bated lia ad on oibtaining results at high lievniul~- i uufic r'

Ir -ii' aF a'iigli s atad leiaditig ,ilge Ie foarrtruoti ii tsirie thle applicability to full-ae
li eiiittuan. e fif a loered wing motiel This iytetesti *g

t in-i igt fi ititig A 1936 refe.. i. by .ones and Fv eFn smtall icc, Iik:.esses 'amed rtaXittiMti lit11-4
ik itiaus Ai, ih showed that it .- loss in rtuaxiini lilt was Ai Apptoviat .; -l'i pcent for single alattiatt airfila

ally -lej)uaIivlt oni Reytto Is riuniber atid also ai 'ossin onigle of attac k Itiargiti t,, stall arsalsa
.ogiioslvs Int" Is ' otie aridI Wsilliamns fain

1 
tisi A' -aistaItiaf as high as I ^ 'er' etige 'iss ;t1 tiiiit-

i- d,-l nut ier of Pl illion I tyvtcal for takattff)iloss -1pts-it airfoijls acre vat as set e as foir vitil-c'ttati
-iitiialilt appoahe i etism of ,cle,atir utib'uhirtoi.ht ils'.ailou of lhe Anugle if ALIt

..- aviIIFs ithell lower fletiolils tiuuttiers tafi- al .liv i,;ug ii ''sall acre ithe -antis f- b'ith lii ,t 'un
-.- no ''ii'> rtlrig t he fuss III nLasittt'i'i lift w As ! 1- -e-lIeti alfti tenFs,. au-l,o1,11 utj dls - , II

F, Ia fr ih. tirerit papaer testing -ivon e i-o at5 t-loiis atif 'uiiti-lettit r... a to." R

.-to ~~ It- fif ~ilitor teIoaiaiyg ,nq-nt
.ii - o uri - as I At 2 i L:',n - I tin s-: Ioi- rev-itn fur si...gle-iicii si-l aI itlitry'-,;

- ~ ~ ~ r --n-lbr s -a,,at in whik flyh Ha j>vj orl'at for the cotir, Lippeca- ti

h,,,tiv-~ itt- lv grt site rstrain-f i'tv-t, ; i ;. etrnaaaf 1nit'slaTI tttefI i-'fr ha A -1 1e o: i

-louts I - ti, -Ifs' a. -t fectt'is tikitii I -in o t -- find'ing Ittitraijicts the firerisil field Ai-iiuilit
-.., tIa') Ie, taken aittii,itiiin tiside , -r. - i-II Ite'ittit-i I tv- ILOre hecal Ior1s'l1tin tht is I-

, is taper iruitief ititfue idat -ic ' -gh. ties'tt rite If't 11111 the [eaifiienge11r atti give I' ,
or it it pctfarniaoie Plegradarion CA- 't by i> right hand rirve it1- ug t ol ha -iseif ''- asian in,

"i-l Ia sq- irfai r iighvess ad laading rilga ice lIet ot1 in igwht Is ,Acirtiorisn

1! iis height itseilf i the moidel sc aled to I to I usl P1aer ' "TIitidtS ilip''iiatit nlew itufotltuat utAtoii,
Ti.,, ti) A1 I -t ,rail -irfiLl. a-huch height a-as greater thle efls is 1Ieon'ilds tnutfiar otn the Ions :It nivin'; If:
-t ilotttual ftost t'ailiip In the unpowered state. 'it inofern. sinii-ei Lenr airfoils a-ith distributted

.luuu as t-lu' ,l thit slops anid tianirTInIti lift by 3ll t, tougltiess ov er that puttlia' tI f the leatditig edge whereF
;- Itt I fir leading sqge regiton wvas espi - In-flight icing wotild acc utnlate Thes 'I-wef fiat Ii--,

-te t - thee 'ltstuirlivt Ps. and it was Iota ' rat in niavirtiuni fift increased rapidly a' et a -:horil t lrti
cii-.n t'iiigt iess frrin the first 15 pserrent of chord ittimber range frorni 2 toi 5 0 . ti0F and beyond that tha

i-t-ti thte alintg to louse to' its original perforttatire. losses betante nearly' v itfepeienit 'if Revnolil - ntmber
A in- -Irag, -vi'- it", reaseil As a result of surface roughtiess blavirriti lift losses in' reased w it h Iiirease riughtiess
trip-1o let poer effec ts inc eased the lift slope and height-to- hoed ratios

-uooiiin lift ab' Is that v-f the clean wing; however. for
* 'iugfts9el iijg the lift coefficient for the powere The paper afso obtained a simple lin-ear ielation for

r ig nii ie sigrifit uni below that for a clean. lovs in angle uf attack margin to stall versus log of
'iri -ae-d wintg It waa conaluded that the reduced lift roughtiess height -to-c hard ratio ( Fig 21 The results aipils

-o and timaximunt lift caused by roughness v- uld he very to both single- and multt-element airfoils and are
stgid, ant in event of engins failure at take off independent of Reynolds number in the range of S to

I k - 10v- The correlation provides a quick way to assgess I Is
Leading edge ice accretion also caused large losses of tniaimont lift penalties incurred for a leading-edge ice

lift and Increases of form drag. However, a comparison roughness buildup on any representative w-tog or tail
eItween leading edge ice and Ltpper surface roughness 'onfigaration. Simply use the lift versus angle of attuck

showed that leading edge ire produced a smaller reduction clime for the clean configuration and reduce its stall angle
of lift slope prior to flow sepae-mion. by the amount gil-e by Fig 2, It also provides the

tnfortmation needed to check on she adequacy of stall
Increased arag was attributed Partly to an increase in warning a systems when anti-icing protection is not

skin friction in unseparated flow, but mainly to increases in provided
fenu drag after premature separation occuirred. It was
eaplained that if the roughness elements protrude above Since modern high bypass engines have minimal
the lamninar sublayer of the turbulent boundary layer in engine bleed air, airfeamers base effectively lost their
attached flow, the result is an increase in skin friction and supply of hot air for thernmal anti-icing ice protection
the production of more turbulence. [I suggesting an systems. Therefore they have been keenly interested in the
exilnation for the higher losses in maximum lift at the promising new impulse deiring systems that do not require
higher Reynolds numbers, it was pointed out that bleed air for uperation. These new impulse deice"- cant
increasing the Reynolds number would redttce the lamninar present ice thicknesses from exceeding about 0.030 in_



whit is far better than the older pneumatic deicers could takeoff The pitch response to elevator input was slow
to Hut unfortunately. the important message from this Extreme stickforces were required for rotation, and this

paper is that eten thicknesses as small as 0 030 in. could would probably compel the pilot to abort the takeoff.
,o.e tto voaxrt lift iocsses ,cf approxiately 40 percent for After liftoff the aircraft was mistrimted, whit h required
siagle element airfoiol The results presented in this paper very large pull forces. A large increase in takeoff distance
indicated that emen n 005 in ice roughness may cause ,,as required. No improvement was found from cleaning
onatieptahle aeripenalties 

t
Aith the airfraimters hard- tile wing leading edge only or by increasing rotation speed.

1,res el to lind any olher alternative to ompressot bleed The results clearly demonstrated the importan e of
.or tie finding that the new impulse systems may cause Advisory Circular AC 20-1 17 emphasizing the 'clean

na'' eptable aeropenalties will likely ( reate controversy aircraft concept' under adverse weather conditions before
iting those r'rons ible for it e prote tion oit modern jet takeoff

ti uiilc,ts It it pe r t , iar t fhis paper should stitulate
.,, iee lioe- tittoicf "t the effec ts of roughoess oi ls is one of the few papers published on the
ii,' aer,,perforianc e of future transports simulator results of upper wing surface roughness. It is

hoped that in the future the entire icing scenario takeoff,
ltaqpwr l - BOER showed how upper strfate wing c limb. cruise, hold, approach, and landing-will routinely

-oglii lrepresentative of ground frost, snoe, and ic e) be modeled in engineering simulators.
degraded the Fokker Si aircraft aerodynamics and lead to
redu-ci flight safety during takeoff Results were reviewed Paper 14. - WELTE, WOHLRATH. SEUBERT.
ft I Il tests oodut-ced in Sweden's FFA wind tunnel in the l)eBARTOLOMEO and TOOCOOD presented a detailed
early 1970's i, n.ulti-elemrient airfoils with differing levels ascount of the various analyses and tests they carried out
td dcegrees , roughness. (21 poweroff wind tunnel tests on as part of the process to qualify the Dorier 328 to the
., plete mlel of the 27 (scale 1:20) with upper surface FAR JAR 25 requirements for operation in known icing

l,,gh ti-s .lto. h Sraled to about 2 mrrn at full-scaleI: anti , onditiotns This paper could be recommended for anyone
i :1 a fixetl-has' engineering flight simulator study of tile who wants to understand the various steps that must be
'. perfhrrttan, e and flight handling characteristics carried out before going into flight testing in natural icing

tiring takeoff with wing upper surface r(ghness Ihe first part of the paper discusses ice protection systems
for the airframe, and the second part for the engine

ile ,nd tuunel studies of multi-elerient airfoils
Oiuwed sec ere liosses i taxitmui lift and large reductions All lifting surfaces were pneumatically deit ed. as were
!ii %tll angle of acta k Roughness. representative of hoar all tie protected surfaces in the engine intake. Appropriate

Ir-,'. in, teased the toundary layer over the tpper socrface tro-dirensional or three-dimensional CFD codes were used
,ld de-, atrbered tile wing, thus causing loss of lift and to calculate cloud droplet impingement limits over a wide

o cease in drag for a given angle of attack. The tests range of operating conditions. In the engine intake tests.
.it-I, l en itrated that there was no difference ci even tre three-dimensional flow in the engine test cell

,le-clco unti legrar.ation (fi to hoar frost between slatted , onnecting pipes was modeled in order to define test
sond nonslatted configurations (Note that this could conditions that were most representative of critical icing
ippear to differ front the results given in paper 2, but conditions. Theoretical calculations were done for take-off.
F 1W I shows that if the roughness is thick enough, use of climb, hold. descent, approach, and landing conditions
extended slats does not recover the losses ) using adequate center of gravity locations, flap settings.

elevator and rudder deflections.
For the FSO or F27 with a clean wing, a combined

lading and tralitng edge type of stall starts in the vicinity To get early information about the aerodynamic
f the engine nacelle and progresses gradually inboard and degradation due to ice accretion, many tests were

,uitlunard his clean-wing stall was designed to allow the performed in the DNW wind tunnel (The Netherlands) on
pilot to retain lateral control for as long as possible anti to a 1:4. scaled model of the complete aircraft with artificial
have favorable pitching moment characteristics throughout ice shapes on the leading edge of lifting surfaces. Separate
the stall The wind tunnel tests of the F27 scale model tests of the empennage were performed to guarantee safe
showd that a roughened wing caused a pure trailing edge operation in heavy ice. These data were the basis for
type of stall to occur simultaneously over the entire wing increased landing speeds and limitations to flap settings in
span. The roughness therefore seriously jeopardized the icing conditions.
safety features designed into the clean-wing stall.
iHoughtness (overage of 100 percent considerably Elevator horn icing was modeled with a two-
deteriorated the aerodynamic characteristics of the dimensional ice accretion code, and the 1:4.4 scaled torn
Fokker 50, and furthermore, tests showed that cleaning the was tested in an icing wind tunnel. Icing scaling laws were
leading edge tip to 15 percent wing chord did not restore used to determine the icing tunnel test matrix.
the clean wing lift and drag characteristics. This las.
finding appears to disagree with the findings in papers 8 Mr. TOOGOOD noted that in testing the engine air
and I I intake the most critical conditions occurred between -S and

0 SC, even though the FAA does not require testing above
The results of the Fokker wind tunnel tests were -5 *C. The higher LWC's associated with the warmer

introduced into the aerodynamic data base of the FS0 in temperatures leads to water runback and freezing beyond
the Fokker Aircraft fixed-base engineering flight simulator, the protected areas. He felt that these results, which he
Performance and flight handling characteristics during has seen in other engine test programs as well, were
takeoff with contanninated wings were evaluated by a pilot, important enough to recommend that the FAA change
From these simulator studies it was concl-ded that wing their certification procedure to include testing from -5 to
contamination seriously deteriorated aircraft behavior in O SC.



Effet ts of Heavy Rain and De Anti-icing Fluids rain applications. The mean error obtained in the

calibrations was 0,mm for measurements A, the 0 to
Paper 15 DUNH AM, DUNHAM, and BEZOS 0 5 rn range.

summarised the NASA research on effects of heavy rain on
airf- 's. The paper was presented by Dr. F. WAGGONER Paper - TANG also presented wind tunnel test
from NASA Langley Covered in this paper were results for heavy rainfall on a two-dimensional multi-
background of work done to date on heavy rain effects, element, high lift airfoil. Effective rainfall rates ranged
measuiements of natural rain rates, wind tunnel heavy rain from 50 to 300 mm/hr, and chord Reynolds numbers
tests on single- and multi-element airfoils with chord ranged from 1.7 to 8.8 - l06. The measured loss in
leynolds numbers from 1.8 to 3.3x 106, large scale track maximum lift ranged from 6 to 16 percent, and drag levels
testing with chord Reynolds numbers from 11 to 18 1w, at constant lift were up to 43 percent higher under wet
and scaling considerations, conditions.

Heavy rainfall rates are being acquired for short The tests were conducted in a blowdown wind tunnel.
sample times at 6 geographical sites. Over 7000 rainfalls in which a run consisted of continuously changing the angle
with rates above 100 mm'hr have been meaured since of attack from negative values up to and beyond stall, all
1988, The maximum rate measured was 720 mnhr for at a constant water flow rate through the nossles.

just under 10 sec . One quarter percent of the events Apparently because of a water flow rate limit through the
exceeded 500 niuhr for events up to t0 sec. nozzles, the rain rate was reduced as the Reynolds number

was increased. Thus. there were no sets of data wheze the
Both subscale and full-scale tests showed that rain rate was held constant while the Reynolds number was

extrerrtely heavy rain of 900 nmm/hr produced a reduction varied, or vice versa. To isolate the effect of Reynolds
in maximum achievable lift coefficient of at least 15 to number, TANG assumed that the rain effects on lift
20 percent, and a reduction in angle of attack to stall increment depended linearly on rain rate. So he
margin of 4' to 8'. The high-lift configurations (i.e., normalized all the lift increment data to 50 mmchr by
leading- and trailing-edge devices deployed) were more multiplying the lift increment by 50 and dividing it by the
sensitive to heavy rain than was the cruise configuration actual rainfall rate. There seems to be no justification for
IteAt;fONER suggested, after the talk, that in the heavy- this normalization procedure, hut after it was done. the lift
ift onfiguration the slat gap seems to become blocked loss versus angle of attack showed a strong Reynolds
with water, but he also said that this conference made uim number -ffect, In contrast, the authors of paper 15 did not
aware of the strong effect of surface roughness on find a strong Reynolds number effect. To resolve this
Maximum lift loss. difference, it would be very desirable to conduct a series of

tests with rain rate held constant for all runs while
WAGGONER suggested that a better understanding changing only the Reynolds number from one run to the

of the physics of heavy rain effects is needed before next.
analytical techniques will he able to successfully model the
phenomena. Test results did not show a strong Reynolds Another potential test problem involves the procedure
number scaling effect, and it was therefore concluded that of continuously changing the pitch during a run. In a
lw speed wind tunnel test techniques are valid for private discussion with WAGGONER, who presented
,'htiining first-order effects of heavy rain. (This conclusion paper 15, he pointed out that NASA found that it took
wcc.s not supported by the test results presented in paper about 1.5 to 2 sec for the lift to settle down after the angle
17. but as will be discussed below, there is some question of attack was changed. So it should prove beneficial if this

, ht the interpretation of those test results.) test could be rerun using a stepping motor that would
pitch the model and pause for fixed times before going on

iased on the test results, DUNHAM, et al. concluded to the next angle.
that since transport aircraft normally avoid high angle of
attack maneuvers, their normal operations should not be Paper 18. - Papers 18 and 19 discuss the aerodynamic
at,, ted by heavy rain. However, should heavy rain occur effects of aircraft ground deicing/anti-icing fluids. The
litnt a severe low-altitude wind shear, the pilot authors of these two papers tollaborated on some key
procedures used to counter the wind shear effects may aspects of this fluids work. So while the same information
sesult in operating at a higher than normal angle of attack. may have appeared in both papers, it will be included in
It a omtient from the audience, it was urged that the only one or the other of the discussions of these two papers.
required research on heavy rain be carried out before CARBONARO presented a historical review of the
considering any changes to the pilot procedures for wind research carried out by the von Karman Institute (VKI) on
shear the flowoff properties and aerodynamic effects at takeoff of

these fluids. He also described the rationale and a test
PapertO. - FEO, ROGLES, and URDIALES methodology for an aerodynamic acceptance criteria for

presented a paper on measurement of water film thickness these fluids.
on airfoils in heavy rain conditions using conductance
sensors. They compared the performance of one, two, and In general, anti-icing fluids are non-Newtonian, while
three electrode sensors and showed that the triple electrode deicing fluids are Newtonian. The viscosity of anti-icing
sensor is superior to the others in accuracy and continues fluids varies inversely with shear stress, while that of
to hold its accuracy even when electrolytic corrosion deicing fluids is independent of shear stress. The non-
c ontainates the probe. The triple electrode sensors also Newtonian anti-icing fluids tend to form on the surface of
accurately measure thicknesses of wavy surface films, the wing a protective fluid layer, which don not flow off
After an appropriate calibration method is established, the wing while the airplane is grounded and which prevents
triple electrode sensors are valid for any liquid type and ice from adhering to the wing during long waits in freesing
condition. Therefore, these sensors are suitable for heavy precipitation before takeoff. During takeoff, airflow over



the wing subjects the fluid to a large shear stress, and in predetermined limiting values are judged aerodynansucally
the ideal case,

. 
the fluid should flow off the wing, leaving it acceptable. These predeteimined values are based on

clean at the moment of rotation. aerodynamic considerations that are discussed in paper 18

The use of non-Newtonian anti-icing fluids was Paper I8. - ZIERTEN and HILL reported on a
widespread in Europe when Boeing Airplanes published a comprehensive follow-on wind tunnel investigation of
report in which they warned that some fluid remained on aircraft ground deicing/anti-icing fluids that was performed
the wing at takeoff and could degrade takeoff performance to supplement earlier reported flight and wind tunnel tests
sufficiently to require takeoff adjustments for some aircraft, and to support the development of aerodynamic acceptance
The lloeiitg reprt triggered a reaction of several European criteria for aircraft ground deicing/ anti-icing fluids. The
Airlines, and in 1983 the VKI was requested to further test was conducted at the NASA Lewis Icing Research
qtudy the problem Boeing's findings were confirmed by Tunnel using both a two-dimensional wing model and a
researchers at VKI on a large-scale wing in a refrigerated three-dimensional half model of the Boeing 737-200ADV
oiond tunnel, At VKI, they also determined that the final airplane. The fluids tested included three Type I
fluid fihtn thickness on the wing at rotation was Newtonian fluids, which use ethylene, diethylene. and
independent of the initial application thickness. This propylene glycol as the freesing Doint depressant- four
finding allowed them to clitunate the original film Type I1 non-Newtonian fluids, which are currently in
thickness as an important variable, production; eight developmental fluids; and a Mil Spec

fluid to be used as a reference fluid in the aerodynarniv
At VKI they determined that maximum lift loss could acceptance test. The Type I and current Type II fluids

Tint be correlated with fluid viscosity alone, as a fluid of were tested neat and diluted with water to determine basic
high viscosity could yield lower losses than another fluid aerodynamic effects. Diluting the Type II fluids did not
nith lower viscosity. This was important because it meant significantly alter the aerodynamic effects of the fluids.
that quality control of the deicing/ anti-icing fluids could Diluting the Type I fluids to the dilutions used in practice
not be made by a viscosity check, but that an aerodynamic significantly reduced the adverse aerodynamic effects of
test was required-at least until the mechanism of fluid these fluids, especially at temperatures of .10 nC and
noucoff and lift loss is fully understood and modeled. At colder. Air boundary layer displacement thickness
\ hl they analytically studied the aerodynamics of wings measurements made with the fluids on the two-dimensional
with surface contamination by combining a nonviscous model showed excellent correlation with lift loss due to the
panel flow code with a boundary layer analysis for rough or fluids at maximum lift and at operating angles of attack
wavy surfaces. These studies suggested that it might be and with the boundary layer displacement thickness
possible to correlate maximum lift loss with the air measured on a flat plate in a small VKI wind tunnel. Ihis
boundary layer displacement thickness at the wing trailing correlation validated the future use of flat plate boundary
edge Further wind tunnel tests by both VKI and Boeing layer displacement thickness measurement as the criterion
confirmed that maximum lift loss correlated with trailing for the aerodynamic acceptability of a fluid. The limiting
edge displacement thickness, boundary layer displacement thickness, which identifies a

fluid as being aerodynamically acceptable, was correlated
While Boeing undertook a comprehensive wind tunnel with a 5.24 percent loss in maximum lift that results in an

iest of these fluids on a two-dimensional section model and allowed specific reduction in aerodynamic performance

a three-dimensional half model of the Boeing 737-200 AI)V margins at takeoff.
airplane at the NASA Lewis Research Center, VKI
researchers measured the boundary layer displacement over
a flat plate covered with fluid in a wind tunnel where the DISCUSSION AND EVALUATION
velocity was ramped to reproduce takeoff speeds. (The
floor of the tunnel served as the flat plate.) VKI found A discussion of the individual papers was included in
that for a given fluid and a given air temperature the section 2.0. This section will discuss major subject areas in
maximum lift loss measured for wings correlated with the a broader context.
boundary layer displacement thickness at the trailing edge
of the flat plate. Boeing found that this correlation also Certification for Flight into Known Icing Conditions
held for the Boeing two-dimensional wing data and
airplane half model data. Papers dealing with aircraft icing certification revealed

that CFD computer codes are used routinely in the
VKI then developed a simple methodology to measure certification process to predict droplet trajectories, droplet

displacement thickness at the trailing edge of a flat plate. collection efficiencies, and ice accretion shapes. Codes are
They applied the fluid on the test section floor of a small, used to design ice protection systems, to locate icing
refrigerated wind tunnel, and ramped the speed through a instruments on aircraft, and to provide the geometry of
prescribed takeoff run. They obtained the boundary layer artificial ice shapes for use on airplanes in clear air testing.
displacement thickness by measuring the increase in While two-dimensional ice accretion codes are in common
airspeed between entrance and exit of the test section, use. three-dimensional codes are just becoming available for
which was a measure of the tunnel blockage caused by the swept airfoils (Ref. 7), and there are not yet any general
boundary layer. (CARBONARO cautioned that the wind three-dimensional ice accretion codes available. These are
tunnel dimensions must be measured very accurately, or beginning to be developed, and their development is highly
the derived boundary layer displacement thicknesses will recommended.
contain large errors.) New fluids submitted for ground
deicing/anti-icing applications are now conveniently tested While several papers provided analytical
in small wind tunnels to determine their effect on flat plate methodologies to predict aero penalties due to roughness,
ooundary layer displacement thickness. Those fluids that there was no indication that these methods were
produce boundary layer displacement thicknesses below sufficiently validated to be accepted as part of the



,ertification process. Development, calibration, and In paper 12 it was shown that a little an O.005 in.
validation of codes that predict aeroperformance of iced thick roughness on unslatted airfoils caused 20 percent
airfoils is highly recommended. maximum lift losses. As also noted in paper 12. if in-flight

ice causes lift decreases of 20 percent, then wing area must
The FARJAR 25 regulations are reasonably specific increase by 20 percent to compensate. Jet transports have

in their requirements for demonstrating ompliance of traditionally prevented any ice formation on their unslatte,1
aircraft ice protection systems, and procedures are well tailplanes by employing hot bleed air anti-icing systems to
established for correlating ice protection test results from evaporate impinging cloud water. But the loss of bleed air
icing wind tunnels, icing flight testing, and analysis. But on high bypass engines is forcing airframers to consider
the French certification authorities feel that the regulations replacing anti-icing systems with deicing systems. Even
are not sufficiently explicit to demonstrate the effects of ice the new impulse deicing systems build up much more than
accretions on aircraft performance and flight handling 0.005 in. of ice thickness between deicer activations, and
qualities. Their response has been to develop a Joint most have more than 0.005 in. thick residual ice after
Advisory Material AMJ-25-1419 that calls for explicit actuation. Thus the study of paper 12 is important
flight tests with artificial ice in clear air for cases of because it shows that it would be extremely difficult to
(1) engine F-lure during take-off into known icing utijine a deicing system without paying the penalties
conditions, (2) cruise, holding, and landing with ice on associated with increased tail area. But competition is
unprotected parts of the aircraft and with ice accumulated forcing airframers to use minimum wing and tail area to
between cycles on parts protected by deicing systems, and achieve the greatest range and lowest fuel consumption
(3) ice accumulations that occur when ice protection Thus the airframers will be forced to conduct numerous
systems fail in flight, (4) and a specific form of ice that, tradeoff studies before they can say for certain what the
with a small thickness and the abrasiveness of sandpaper, best solution is for future in-flight ice protection. They
has been used to qualify the behavior of aircraft during may be forced to use auxiliary power units or special air
pushover maneuvers. This testing would be backed up heaters to provide for anti-icing air. It is hoped that the
with flights in natural icing conditions. The ANIJ also results of these trade studies can be made available to the
proposed that when the ice protection system is turned on, ice protection industry so that they can properly direct
the stall warning system should be reset to values future ice protection technology development.
appropriate to the lower stall angle, and stall speeds be
adjusted to the maximum lift observed in the icing flight The Effect of Surface Roughness on Wing Aerodynamics
trials with artificial ice shapes.

Several papers in this meeting contained important
The Advisory AMJ-25-1419 appears to make good new experimental data and/or modified analytical methods

sense, and since it incorporates material already being used for determining the effects of surface contamination on the
in Canada and possibly elsewhere, it deserves to be aerodynamic performance of single-element and multi-
carefully considered by certification authorities everywhere, element airfoils and of the overall aircraft. The findings

that surface roughness seriously degrades airplane takeoff
As was noted above, airplanes operate with portions of performance and handling qualities acutely reinforces the

their lifting surfaces unprotected from in-flight icing, so FAA's requirement that the wings must be clean at
they will fly and land with some surface contamination, takeoff.
Deicing systems allow ice to accumulate between deicer
actuations and usually leave some residual ice after As noted in the Introduction, the literature on surface
actuation. Thus, an aircraft equipped with deicers will fly roughness is extensive. Yet, progress has been very limited
and land with some ice contamination. Even during in developing analytical models and computer programs for
climbout it is possible to accumulate ice if the ice predicting the aerodynamics of roughened surfaces. Some
protection systems must remain inoperable until a perceive the challenge of the roughness problem as
prescribed height is reached. An airplane will also comparable to that of turbulence- Indeed, in the viscous
accutnulate ice if the ice protection system fails during analyses of surface roughness, turbulence models are
flight. important. It is also expensive and time consuming to

acquire a systematic set of experimental data for the wide
While some of the papers gave guidance as to the range of surface contaminations created by nature and for

losses in maximum lift allowed during takeoff, little the wide range of airfoils used by the airfrarners.
guidance was offered for losses in maximum lift allowed
during approach and landing. This issue is more complex New experimental data (paper 12) on roughened,
because landing speeds and landing wing configurations are modern airfoils revealed the importance of testing at full-
dictated not only by safety considerations but also by other scale wing chord Reynolds numbers: losses in maximum
customer requirements. Aircraft operators want minimum lift increased with Reynolds numbers in the range of 2.5 to
field lengths for landing, thus they don't want residual ice 5 x 106 and then held constant for higher values.
from in-flight icing encounters to cause large increases in Unfortunately, most airfoil data is obtained below 5.0' I06
landing stall speeds. Also, since in-flight icing usually in low speed wind tunnels; it requires either a very large
occurs in winter conditions that are likely to be wind tunnel or a presurised tunnel to test at the higher
accompanied by slippery runways, the operators want to Reynolds numbers. Obviously, testing at the lower
avoid increases in stall speeds so as to prevent landing Reynolds numbers gives an indication of the roughness
mishaps. And finally, aircraft operators want low noise effects, but apparently it will not give good absolute
levels to ensure that they can operate out of airports with numbers needed by aircraft designers. There is also the
strict noise abatement policies. So, although lift can also other question as to whether the physics of roughness, as
be regained by using more flap, that would increase drag applied to full-scale wings, can be determined from
and require high engine power settings, which in turn fundamental studies conducted at the lower Reynolds
would increase engine noise, numbers.



Although maximum lift losses for wings contaminated the large jet transports. Fluid specification and
with grit were shown to be sensitive to Reynolds number, aerodynamic acceptance criteria have been worked out and

there is still no knowledge as to whether wings with leading are acceptable to members of the Aerospace industries

edge ice shapes would exhibit a similar Reynolds number Association (AIA), which represents the manufacturers and

sensitivity, Ice. for example, causes a continuum of leading users of the jet transports in both Europe and North

edge surface distortions: during light icing conditions, America. The AIA's criteria for acceptable loss in

surface roughness; during rime icing conditions, maximum lift was based on allowing the 737-200ADV's

aerodynamically shaped ice growths on the leading edge 13 percent stall speed margin for clean wing takeoffs to

(but the ice is rough); and during glaze ice conditions, drop to 10 percent margin when taking off with fluid

large, bulbous, rough leading edge shapes. The variety of contamination on the wings The 10 percent stall margin

possible ice shapes was illustrated in paper 10. Navier- is the minimum allowed by FAA regulations. Using the

Stokes solutions (paper 7) on a leading edge glaze ice shape relationship that stall speed is inversely proportional to the

showed the ice caused a leading edge flow separation square root of maximum lift, the above criteria for an

buble. It is possible that this leading edge stall caused by allowable loss in stall margin translates into a 5 24 percent

glaze ice might be relatively insensitive to Reynolds allowable loss in maximum lift. This appears not tc be a

number. This possibility seems to add more complexity to problem for most transport aircraft, although for some an
the problem; that is, the various kinds of leading edge adjustment in take-off procedure would be necessary.

distortion must each be examined for Reynolds number
effects to determine how best to model and test each kind During the meeting, questions were raised as to
of icing. whether in the wind tunnel testing the time-to-rotation

should have been reduced in proportion to the scale
As was recotitended in the meeting, a systematic reduction of the wind tunnel model chord. But because the

study of Reynolds number effects on airfoil performance increments in lift loss and stall angle reduction were

degradation due to ground and in-flight ice contamination consistent with those increments found in flight testing, the
is needed to support development of both empirical and authors believed the tunnel testing approach was
analytical models, appropriate.

Professor Slooff suggested at the meeting that we Given the complexity of the phenomena in fluid
should look at the large body of work done on surface flowoff, such as the wave development due to shear stress
roughness by naval hydrodynamnicists, and he later on a non-Newtonian fluid and the accompanying thickening
provided Ref. 8 on the subject, of the air boundary layer and decambering effects, it is

remarkable that such an easy empirical aerodynamic
Heavy Rain Effects acceptance criteria was found. In the longer term,

however, more effort should be devoted to understanding
It has been clearly demonstrated in wind tunnel and the mechanisms of fluid flowoff and lift loss for these fluids.

track testing that heavy rain significantly reduces both In particular, not only fluid viscosity but also fluid
maximum lift wid stall angle. Net, because ol the elasticity (Ref. 9) should be considered in any analytical or
liffi, ulty and expense in conducting heavy rain tests, the numerical model that describes the surface film wave

database is rather limited. Again, because of the difficult development and flowoff behavior of these fluids. The
experitriental ccnditions, knowledge of the physics of the effects of fluid-to-air viscosity ratio on liquid film wave
aerodynamic effects of heavy rain is also rather limited growth were studied in Ref. 10. Ultimately, it would be

desirable to develop an acceptance criteria that depended
While NASA Langley found that low Reynolds on specifying only the physical and chemical properties of

voituber wind tunnel testing yielded effects that were a the fluid, as is done for Mil Spec fluids. Unfortunately.
good first order approximation to full-scale, the Canadian current formulations of non-Newtonian fluids are highly
National Research Council (NRC) found a strong proprietary
sensitivity to Reynolds number. But during testing, the

NR(. never held rain rate constant while varying only Although nothing was mentioned about the effect of
Reynolds number. Unfortunately, their assumption that these fluids on aircraft with takeoff speeds below 85 knots,
lift loss increments depended linearly on rain rate was not such as the commuter and general aviation categories, it is
substantiated, so it is important to repeat the wind tunnel known that these fluids may seriously degrade take-off
test ising the same rain rate for several different Reynolds performance of some of these aircraft, Limited flight
numbers. testing of these fluids on general aviation aircraft has Ivad

to the recommendation that they not be used for general
Under normal low angle of attack operation, heavy aviation (Ref. I t). When used on commuters, adjustments

rain would not piesent a safety hazard; but if heavy rain in take-off procedures will be necessary for some aircraft.
accompanied low-altitude windshear, it could present an Such adjustments include holding the aircraft on the
additional safety hazard because pilot procedures require ground up to 30 sec during the takeoff run to enhance fluid

high angles of attack in such situations. Further research runoff, and increasing takeoff speeds to compensate for the
should be done on heavy rain effects before recommending increased stall speeds caused by the degradation in
that current pilot procedures for operations in windshear be maximum lift (Ref. 12). Some fluid manufacturers offer a
miodified *Type 1-1;2' fluid that has shorter holdover times in

freezing precipitation, but also causes smaller aerodynamic
Ground Deicing, Anti-icing Fluids penalties for smaller aircraft (Ref. 13).

It appears that the effects of ground deicing, anti-icing The manufacturers and users of commuter aircraft
fluids on takeoff performance are sufficiently well appear to be about three years behind the jet transports in
understood, from an empirical approach, for application to evaluating the effects of these fluids on take-off



performance But lest the wrong impression be given here. engineering simulators to determine performance and
it should be noted that some aircraft manufacturers, such handling qualities under icing conditions is recommended
as dellavilland (Ref. 12) and Fokker (Ref. 14), have The wind tunnel data can also serve as calibration data for
conducted extensive flight and/or wind tunnel testing of codes that predict overall aircraft performance and
these fluids for selected aircraft and have issued winter handling in icing.
advisories, and some users have been testing these fluids on
amraft in their fleets. And the Federal Aviation A systematic experimental study of the effect of
Adninistration (FAA) has been funding flight studies on Reynolds number on surface roughness effects is strongly
the effects of these fluids on general aviation aircraft recommended. Such a study should consider not only
(Ref. II). surface roughness, but also leading edge ice shapes ranging

from thin grit roughness associated with light icing to
rough rime ice shapes and the even rougher and more bulky

tONCLISIONS AND RECOMENDATIONS glaze ice shapes.

The selection of papers in this meeting gave a The next generation of high bypass turbofan engines
balanced overview of the state-of-the-art with respect to will provide little or no excess bleed air for thermal anti-
prediction, simulation, and measurement of the effects of icing ice protection systems. Therefore the icing
icing, anti-icing fluids, and precipitation (snow, frost, and community has been forced to consider efficient deicing
heavy rain) on the aerodynamic characteristics of flight systems as a possible alternative to the conventional
vehicles. thermal anti-icing used on jet transports One paper in

this meeting reported that a wind tunnel study *hc-yz
The current regulations FAR/JAR 25, for certification that even the small ice thicknesses achieved by the

of aircraft for flight into known icing conditions, offers promising state-of-the-art impulse-type deicing systems
clear guidance on the certification of ice protection would cause losses in maximum lift of approximately
equipment, but appears not to be as specific on the flight 40 percent for single element airfoils. This finding will
test procedures for determining the safety hazards of likely create controversy and confusion within thb cring
leading edge ice on the aircraft's performance and handling community as to the future ,f deicing systems for jet
qualities. The French Certification Authority's proposed transports. It is recommended that further study of the
regulatory changes, as embodied in Advisory Material Joint tradeoffs of deicing versus anti-icing be carried out by the
AMJ 25-1419, offers more specific procedures for evaluating manufacturers of jet transports and that the results be
the safety hazards of in-flight ice and is recommended for made available to the ice protection industry so they can
serious consideration by other certifying authorities, properly direct future ice protection technology

development.
The use of CFD codes for predicting droplet

trajectories and limnits of impingement, ice shapes, and ice Further studies of the effects of Reynolds number )n
protection system performance is widespread, and further heavy rain effects are recommended. Further study of
refinement of the codes along with experimental calibration heavy rain effects is recommended in order to justify
and validation is recommended. In particular the incorporating heavy rain considerations into the pilot
development of a general three-dimensional ice accretion procedures that have been developed for coping with low-
code is recommended. Also recommended is the altitude windshear.
development of flow codes that predict changes in
aeroperformance caused by ice accretion and other surface The development of an empirical aerodynamic
roughness. Ultimately, these codes should be combined acceptance procedure for ground deicing anti-icing fluids
into an overall airplane code that can predict ice was a remarkable achievement. Follow-on work should
formations and performance and handling qualities of a include development of an analytical model of the flowoff
complete aircraft in an icing encounter. and aerodynamics caused by these fluids during takeoff.

Ultimately, it would be desirable to develop an acceptance
More wind tunnel tests of complete aircraft models criteria that depended on specifying only the physical and

with simulated ice shapes and roughness is recommended, chemical properties of the fluid, as is done for Mil Spec

And inclusion of these wind tunnel data into fixed base fluids.
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